A novel method for the disassembly of synthetic hydrogels in situ and thereby enhanced adsorption of crystal violet dye is reported. Silicon present in the husk ashes of Panicum miliare is used as the trigger for disassembly of poly(2-acrylamido-1-propane sulfonic acid-co-itaconic acid) hydrogels. Disassembling ability of the ash was determined by changing the temperature of the husk ash. Surface area and particle sizes of both the disassembled and assembled forms of the hydrogels were determined by E. Suito's method. Removal of crystal violet dye from aqueous solution and the respective adsorption capacities of disassembled and assembled forms of hydrogels were compared by varying parameters such as pH, temperature, and agitation speed. Concentration of the dye in aqueous solution was determined by using UV-Visible spectrophotometer. FTIR analysis was carried out for the characterization of the hydrogels, ash blended hydrogels, and the free ashes. SEM imaging was carried out to differentiate the surfaces of the assembled and disassembled hydrogels.
Introduction
Many researches are being done on hydrogels to increase and improve their applications in various fields. Crosslinked hydrophilic polymers made hydrogels have capacity for expanding their volumes by their high capacity for water absorption [1, 2] that makes them suitable for purification of wastewater, drug delivery [3] , and so forth. The use of hydrogels is known since the late 1950s in the form of the bioengineered contact-lenses [4] . Recently hydrogels such as poloxamers are useful in regenerative medicine. The adsorption ability of aromatic organic molecules of the polymer hydrogels [5] has provided a very good option for polymer adsorbents. Like few other hydrogels poly(2-acrylamido-1-propane sulfonic acid-co-itaconic acid) [poly(AMPS-co-IA)] hydrogels are reported to be good adsorbents for the removal of methylene blue dye [6] and few metal ions [7, 8] from aqueous solution.
Crystal violet has been largely used in numerous commercial textile processes as a dye and also in human and veterinary medicines as a biological stain [9, 10] . When discharged into the aquatic system, it can cause severe environmental degradation. The dye has a blue-violet colour with an extinction coefficient of 87,000 M −1 cm −1 and an absorbance maximum at 590 nm when dissolved in water [11] . Crystal violet has been classified as a recalcitrant. That makes it difficult for the metabolism of living microbes and hence the dye has extended lifetime in various environments [12] . Crystal violet is highly toxic, carcinogenic, and harmful to the skin when in contact. It is also a mutagen and a mitotic poison [13] .
Panicum miliare (Pm) (refer to Figures 1(a) , 1(b), and 1(c)) is comparable in taste and utility of rice. Pm is one among the food material containing abundant nutrition [14] . Small millets, which belong to the cereals family, provide an easy opportunity for the improving of the health of people. It reduces the cost of health care because of its medicinal value and at the same time it supports the economic development in tribal and rural communities. reduce health care costs, and support economic development in rural and tribal communities. The fondly called Little Millet is usually cultivated in agricultural land, situated at least 2000 feet above the sea level. Farmers in Southern parts of India have the habit of cultivating this grain. The dehusked part of the millet is a food source for little birds such as sparrows and love birds, whereas the husks are just useful for nothing. In this study, we have shown that the husk ash of the same millet can be a potential source of silicon. This agricultural waste is weighing 0.0005-0.0006 g per husk. Much is not known by the scientific community about this biowaste owing to the negligible abundance and rare utilization. In this study poly(AMPS-co-IA) hydrogels are used as the adsorbent for the removal of crystal violet dye from aqueous solution. When put into an aqueous solution, this polymer hydrogels were disassembled into smaller units by the inclusion of husk ash into their network. These husk ashes were obtained by dehusking Pm and heating them strongly. The ability of the husk ashes to disassemble the hydrogels was identified by changing the temperature of heating the husk ash and including those ashes into the network of hydrogels. The husk ashes heated to strong temperatures were found as the only useful material for disassembling purposes whereas the ashes heated to lower temperatures were found ineffective for this job. The reason behind the unusual property of disassembling the hydrogels is identified by FTIR study of the free hydrogels, blended hydrogels, and free husk ashes. A comparison of efficiency in adsorption of dye is made between the assembled and disassembled form of the hydrogels. Variation in the adsorption of the dye with respect to agitation speed, pH, and temperature of the system is reported.
Experimental
2.1. Materials. 2-Acrylamido-2-methyl-1-propane sulfonic acid (AMPS) (99%, Aldrich) m.p. 194-196 ∘ C and itaconic acid (IA) (99%, Aldrich), m.p. 166-167 ∘ C, were the monomers. Potassium persulfate (99.99%, trace metals basis, Aldrich), m.p 99 ∘ C to 100 ∘ C, the initiator, and N,Nmethylenebisacrylamide (MBAAm) (99%, Aldrich) m.p. 301-303 ∘ C, the cross-linker, were all used as obtained. Crystal violet dye (99%, Aldrich) was used as the adsorbent. Pm was purchased from the local shop and was used after dehusking and bleaching several times with hydrochloric acid and finally washing with double distilled water.
Synthesis of the Hydrogels Samples.
Poly(AMPS-co-IA) hydrogels were synthesized by free radical copolymerization [6] . 1.6560 g of AMPS and 0.2615 g of IA were cross-linked using 0.1540 g of MBAAm as the cross-linker and 0.0400 g of potassium persulfate as free radical initiator and all the ingredients were made into a 10 mL solution, using double distilled water in a 10 mL measuring jar. All of them were then transferred into a 250 mL beaker placed upon a heating plate. The contents were well mixed and accompanied with a heating rate of 2 ∘ C/min for about 15 minutes, using a sterile glass rod for continuous stirring. An increase in viscosity after 10 minutes was observed. A transparent gel was formed after 15 minutes and was placed in hot air-oven, to complete the cross-linking process. After 24 hours of heating in the airoven at 50-55 ∘ C, the hydrogels were removed and then purified using soxhlet apparatus, using water as the solvent, for 24 hours for removing the uncross-linked and water soluble substances, if any. The efficiency of cross-linking was found using the following formula:
where and are the weights in grams of dried hydrogels before and after introducing to Soxhlet apparatus, respectively. millet with their mouth. The husks are never eaten by them even their owners use them for no purpose. Excreta, dust and other particles in the husk were cleaned manually first and then washed with double distilled water to remove all water soluble impurities. These were then washed with 0.1 N HCl five times repeatedly for better cleaning. The husks were separated into three parts and heated using a muffle furnace to different temperatures (see Figure 2 and Table 1 ).
Synthesis of Ash Blended
Hydrogels. The ingredients and procedure for the synthesis of poly(AMPS-co-IA) was followed as such, except for the addition of ashes of husks as in Table 2 . AMPS, IA, K 2 SO 4 , and MBA were mixed with definite quantity of black ash dispersed [24] in double distilled water; hence, the whole dispersion was calibrated to 10 mL, using a measuring jar. This dispersion was transferred into a clean 250 mL Borosil beaker and heated on a heating plate at 2 ∘ C/min accompanied with continuous stirring using a glass rod for about 15 minutes; a viscous solution was observed and the stirring continued, even after removing from the heating plate, to ensure that there were uniform mixing of husk ashes into the network of the polymer.
Hydrogels blended with ash II were also prepared similarly. All the ash blended hydrogels were kept in a hot air oven for 24 hours at 50-55 ∘ C to ensure cross-linking. They were used for further studies as such removed from the oven.
Surface and Particle Size Studies.
Surface area and particle size of the hydrogels was determined by comparing the adsorption efficiency of the adsorbent towards crystal violet dye, using Suito's method [25] .
where = specific surface area of the adsorbent in m 2 /g, = volume occupied by the adsorbate, = Avogadro number; = molecular weight of the adsorbate, = amount of the adsorbent used in grams; = number of molecules adsorbed, = 21Å 2 , and 10 −20 is the conversion factor forÅ 2 units and
Particle size was determined from the following formula:
where is density of the sample adsorbent; is diameter of the particle in .
2.6. Swelling Index. Swelling index of hydrogels studied by introducing the polymer into double distilled water. The following formula was used for determining the swelling index of the hydrogels [26] .
where is the weight of the wet swollen hydrogel and is the weight of the dried hydrogels.
2.7.
Measurements. FTIR spectra of the hydrogels were recorded with Perkin Elmer Spectrum 1 FT-IR instrument with a typical resolution of 1.0 cm −1 using KBr (Potassium Bromide) disc in the range of 4000-400 cm −1 . All the free hydrogels, composite hydrogels with black ash, and the composite hydrogels with white ash were dried at 50-55 ∘ C for 12 hours and ground well using a mortar and then subjected 4 ISRN Polymer Science to FTIR study. UV (ultra violet) spectrum was recorded for the determination of concentration of the dyes in the aqueous solution in the range 150-450 nm using UV-Visible spectrophotometer. The pH study was done with ELICO LI 120 pH meter. Surface morphological imaging of the hydrogels was examined by Scanning Electron Microscopy, SEM (JSM 561OLV, JEOL).
Adsorption Studies.
The batch experiments were carried out in 100 mL Erlenmeyer flasks by agitating 0.1 g of the dried hydrogels with 25 mL of the aqueous crystal violet solution for a predetermined period at 28 ∘ C on a water bathcum-mechanical shaker. The hydrogels were separated by a filter paper from the rest solution, after the adsorption was completed. The effect of pH, agitation speed, and temperature were studied. 0.1 N HCl and 0.1 N NaOH solutions were used for pH adjustments. The concentration of crystal violet dye was determined by UV-Visible spectrophotometer. The adsorption of the dye was calculated from the differences in concentrations of the fresh and adsorbed solution.
The amount of crystal violet dye adsorbed by adsorbents was calculated using the difference in their masses as per the following formula:
where % is the removal percentage and and are the concentrations of dye before and after the adsorption process.
Result and Discussion

Study of Hydrogels in Aqueous Solution.
The principle focus of this study was to identify the impact of ashes in the network of the polymer hydrogels. 1.0 g of dried hydrogels, which were already blended with the two types of ashes, were put into series of beakers containing 50 mL of double distilled water in each (See Figure 3 ).
Another set of experiments was also conducted simultaneously with hydrogels without ash blend to find the variations. The changes were noted in Table 3 .
The criterion for the word "disassembly observed" was that the original size of the hydrogels was disintegrated into smaller pieces immediately when put into the aqueous solution. It was inferred from Table 3 that the disassembly is observed only with white ash type. This was not seen with the hydrogels without any ash content, when put into the aqueous solution. The disassembly was also not observed for the black ash blended hydrogels, as evident from Table 3 . In the latter case, that is, with white husk ash composite hydrogels, disassembly of hydrogels when introduced into aqueous solution was observed. This implies that the affinity towards water for certain species available with white ash blended hydrogels should have been the driving force for disassembling the hydrogels.
The observed improvement in the swelling index of the resulting hydrogels implies that the water intake capacity increases with black ash composite and it further increases when disassembled by white ash (See Figure 4 ).
Characterization of the Disassembled Hydrogels.
To find the reason behind the ability of blended hydrogels with white ash to get disassembled in situ in aqueous solution, FTIR characterization was done. Characterization was carried out for the composite hydrogels sample prior to the introduction into aqueous solution. The bonds that are responsible for the disassembly to occur are determined using the resulting spectrum. Figures 5(c) and 6(c) are showing the FTIR spectrum of free black ash and free white ash, respectively. The strong peak at 1098 cm −1 with black ash shows the presence of Si-C-Si bond. The sharp peak at 1100 cm −1 with white ash shows the Si-O-Si bond. The sharpness helps to distinguish it from Si-C-Si band [27, 28] . The sharp band at 3420 cm −1 shows the stretching Si-OH bond that is hydrogen bonded and not free Si-OH bond. Husks of Pm having organic contents with them were charred after subjecting into 400 ∘ C temperature for 12 hours. It became black coloured and was named black ash. The temperature of heating the black ash was lesser than its white ash counterpart; therefore, much of the content including carbon in the husk ashes was not removed completely. The presence of carbon content is ensured by the characteristic peak of Si-C-Si as appearing in Figure 5 (c). By the inclusion of such black ash into the network of hydrogels, there was no problem for its chemical structure. This was confirmed by comparison of FTIR of free hydrogels and black ash composite hydrogels shown in Figures 5(a) and 5(b). (See Table 4 ).
Broadband in the range of 3550 cm −1 to 3350 cm −1 shows the existence of H-bonding in the free hydrogels [6] . In the case of composite hydrogels with black ash, C=O bond of IA moves from 1723 cm −1 to 1728 cm −1 showing an increase in bond strength because of the ash composite. Sulfonate groups, being strongly ionisable, are responsible for the adsorption process.
A broadband at 1100 cm −1 in the FTIR spectra of white ash shows the presence of C-O-Si bonds and the interaction of the same with the hydrogels showed a peak at 1109 cm −1 instead of a C=O stretching frequency at 1723 cm −1 . This shows that C=O bond of IA has been converted into C-O-Si. This conversion is the key factor for the disassembly of the hydrogels. Because the silicon moiety is more hydrophilic than the carbon moiety. The kind of sound that is audible when well-dried bricks are introduced into a bucket of water can be because of the greater affinity of the silicon moiety in the network of bricks. A similar kind of sound was also heard when the white ash composite hydrogels were introduced into the water. By the inclusion of white ash and thereby "Si" moiety directly into the network of the hydrogels, the disassembly is favored when introduced into the vessel containing aqueous solution. Such a disassembly is not possible when the hydrogels was used alone or used as the composite of black ash. Black ash being the substance with greater carbon content, the composite becomes good with only its swelling index [24] . The surface water affinity determines the physical and chemical properties of water adsorbed material. Controlling and modifying such surface water affinity can lead to new nanoscale applications in future. Formation of Si-based surface on hydrogel that absorb the water molecule leads to hydrogels getting disassembled into smaller pieces [29] .
Surface Anatomy of Hydrogels.
The surface of the hydrogels is an important criterion in the adsorption process. We have noted an increase in surface area of the polymer after having disassembled. SEM images revealed that the surface of the small disassembled hydrogels was found to be rough and those of the assembled hydrogels were not so. The literature shows that, apart from the influence of other factors such as cross-linker in determining the surface area, the manner of the disassembly process can also lead to the surface change [30, 31] . Therefore, because of the random disintegration of the hydrogels by the speed of water affinity of the "Si moiety" presence in the network of hydrogels, the surface of the hydrogels might have become rough. The process should have occurred similar to a little bombardment. if we imagine the disassembling action of the hydrogels in aqueous solution to be smooth, the surface of the disassembled hydrogels could have been a polished one and not rough. Figures 7(a) and 7(b) clearly shows the above fact. Surface area of the bulk hydrogels was found to be 1.1 m 2 /g and the disassembly hydrogels was found to be 28.3 m 2 /g. studied by increasing the quantity of white ash from 1% to 10%. An increase in quantity of disassembly hydrogels and a decrease in size of the resulting particle were observed. The increase in surface area was observed consequently. Figure 8 shows the variations in particle size with temperature 27 ∘ C and pH = 7.1. Disassembly of other hydrogels like dendrimer hydrogels was also reported [32] , but it takes place in a basic medium and without any more actions. Disassembly observed for this hydrogels is a different case, since it happens to the force provided by the hygroscopic nature of silica that is made available within the network of the composite hydrogels.
Particle Size versus
Particle size, volume occupied by the adsorbate, and surface area of the hydrogels were determined by Suito's method. From Figure 8 it is evident that the size of the particle decreases with an increase in the percentage of white ash contents in the network of the hydrogels. Regular variation in the particle sizes implies that the percentage of white ash content increases the degree of disassembly of the hydrogels when introduced into aqueous solution. The least size of the disassembled composite hydrogels particle was observed by 9.8% of white ash as 103 m. It was also noted from Figure 9 that the volume occupied by the crystal violet dye, which is the adsorbate here, increases with the percentage of white ash content up to 1%, but is found to maintain almost constant afterwards. The maximum volume of the crystal violet dye owing to adsorption was found with 10% white ash composite hydrogels as 14.1 mg/g.
Effect of pH and Temperature on
Disassembly of Hydrogels. Hydrogels were introduced into a series of solutions maintaining different pHs and temperatures. It was found that the pH had no effect in determining the disassembly of the hydrogels. Moreover, the disassembly of hydrogels was also not affected by changing the pH of the solution. But an increase in temperature to above 60 ∘ C resulted in a sudden decrease of surface area owing to the start of the reassembly of the polymer into major units. This is because hydrogels start melting after 60 ∘ C and these molten hydrogels become indistinguishable from each other and mix as a compound unit rather than individual pieces. This implies that disassembly cannot happen with these hydrogels above 60 ∘ C and therefore the vessel containing such hydrogels must be maintained below this temperature (see Figure 10 ).
Adsorption Studies
Effect on Agitation Speed. The effect of agitation speed on the removal of the dye was studied by varying the speed of agitation from 50 to 300 rpm. The concentration of the adsorbent and the contact time were kept constant. The removal of crystal violet increased from 0 to 100 rpm of the agitation speed and later the crystal violet dye removal was not changed appreciably as showed in Figure 11 . This implies that the agitation speed in the range of 100-150 rpm (rotation per minute) is enough to confirm the maximum cationic sites in the pores of the hydrogels readily available for the uptake of the dye. For all the rest of the experiments 150 rpm was chosen as optimum agitation speed.
Effect of pH. The adsorption showed a maximum at pH = 5.2 to 6.1 and it shows that the dye is better removed by the hydrogels in slightly acidic range than the neutral or basic. The adsorption of dye was found to be decreased after the maxima. The % was better for the disassembled hydrogels than its counterpart. For both, the pH range maxima were in the same region, since the molecular formulas of both are not greatly changed. This is shown in Figure 12 . For all other experiments pH was kept constant at 6.0.
Effects of Temperature. The effect of increasing temperature on the removal of the dye onto the hydrogels was studied by doing the adsorption experiment in a temperature range of 28-50 ∘ C and the results are shown in Figure 13 . The adsorption of the dye was found decreased after 30 ∘ C. This showed the exothermic nature of the adsorption process.
Thus it was concluded not to carry out the adsorption process of crystal violet dye using poly(AMPS-co-IA) hydrogels at a lesser possible temperature. There was a notable difference in % between the assembled and disassembled hydrogels. Disassembled hydrogels showed improvement in the adsorption of the dye when compared to that of the assembled one. The adsorption process was not carried out after 50 ∘ C as the amorphous nature of hydrogels would get changed to fluid nature. The decrease was similar for both the disassembled and assembled hydrogels.
Conclusions
The usually purposeless and least respected waste material, husk ashes of Pm, have been utilized for a new job in this research work. It has been shown that its ash can be used for deciding the size and surface of the soft substances, namely, poly(AMPS-co-IA) hydrogels. Using FTIR spectrum, it has been identified that C=O stretching of IA that was found originally in free hydrogels, that appeared when white ash was included in its network. This is due to the conversion of C=O into C-O-Si and is confirmed by the subsequent frequency of the hydrogels composite white ash. Disassembling of synthetic hydrogels such as poly(AMPS-co-IA) was achieved using husk ash of Pm as the trigger, only when the temperature of heating the husk was strong enough. The advantage of disassembling the synthetic polymer is that disassembled hydrogels were found to be more useful for the adsorption of crystal violet dye from the aqueous solution than its assembled counterpart. Also the use of husk ash of Pm is recommended owing to its ability to disassemble the hydrogels. The resultant hydrogels acquired rough surface because of the greater affinity of the "Si" moiety towards the water. This research idea suggests new applications for the husk ashes of millets such as rice and Pm when used within the network of the synthetic hydrogels. Moreover, the efficiency of the hydrogels may be improved if they were used in the disassembled form for the purposes such as drug delivery and regenerative medicine.
